Abstract In marine ecosystems, many planktonic organisms precipitate biogenic silica (bSiO 2 ) to build silicified skeletons. Among them, giant siliceous rhizarians (>500 μm), including Radiolaria and Phaeodaria, are important contributors to oceanic carbon pools but little is known about their contribution to the marine silica cycle. We report the first analyses of giant phaeodarians to bSiO 2 export in the California Current Ecosystem. We measured the silica content of single rhizarian cells ranging in size from 470 to 3,920 μm and developed allometric equations to predict silica content (0.37-43.42 μg Si/cell) from morphometric measurements. Using sediment traps to measure phaeodarian fluxes from the euphotic zone on four cruises, we calculated bSiO 2 export produced by two families, the Aulosphaeridae and Castanellidae. Biogenic silica export ranged from <0.01 to 0.63 mmol Si · m À2 · day À1 . These two families alone contributed on average 10% (range 0-80%) of total bSiO 2 export from the euphotic zone. Their proportional contributions increased substantially in more oligotrophic regions with lower bSiO 2 fluxes. Using the in situ Underwater Vision Profiler 5, we characterized vertical distributions of the giant phaeodarian family Aulosphaeridae to a depth of 500 m and inferred their contribution to bSiO 2 export in deeper waters. We found a significant increase of Aulosphaeridae export (<0.01 to 2.82 mmol Si · m À2 · day À1 ) when extended to mesopelagic depths. Using a global data set of in situ profiles, we estimated the significance of Aulosphaeridae to bSiO 2 export and revealed that they can act as major exporters of bSiO 2 to the mesopelagic zone in various regions.
Introduction
Elucidating the processes responsible for the cycling of macronutrients in the modern ocean is crucial to predicting marine planktonic primary production and the magnitude of carbon dioxide removed from the atmosphere (Ducklow et al., 2001; Eppley & Peterson, 1979; Falkowski et al., 1998) . Among other chemical elements in the ocean, silicon has long been of interest to marine scientists and micropaleontologists Ragueneau et al., 2000; Tréguer et al., 1995) . Silicic acid is a key macronutrient, essential for the growth of many organisms including diatoms, a group of unicellular phytoplankton with cell walls made of biogenic silica (bSiO 2 , also known as biogenic opal) that is responsible for up to one fifth of Earth's primary production . In addition to diatoms, the production and export of bSiO 2 in the ocean can also be attributed, to a lesser extent, to other silicifying organisms, including the pico-cyanobacteria Synechococcus, hexactinellid sponges, silicoflagellates, and those rhizarians bearing siliceous skeletons (Tréguer & De La Rocha, 2013) . Although a few studies have estimated the quantitative importance of water-column Synechococcus to bSiO 2 standing stocks and fluxes (Baines et al., 2012; Krause et al., 2017) , little is known about the significance of siliceous rhizarians in the marine silica cycle despite their extensive use in micropaleontology (De Wever et al., 2002; Suzuki & Aita, 2011) .
Rhizaria, one of the main eukaryotic super-kingdoms, comprise a diverse group of marine amoeboid protists that includes some organisms that build complex skeletons of opaline silica (SiO 2 -nH 2 O), strontium sulfate, or calcium carbonate (Burki & Keeling, 2014) . Only the emblematic polycystine radiolarians and lesser known Phaeodaria incorporate silica into their skeleton . Formerly referred to as radiolarians, phaeodarians have been recently classified within the phylum Cercozoa Nikolaev et al., 2004; Polet et al., 2004) . Upon death, their siliceous skeletons will likely sink toward the bottom of the ocean and, if not remineralized, eventually be incorporated in seafloor sediments. This process is especially important in the equatorial Pacific where rhizarian silica is a primary component of the siliceous ooze BIARD ET AL. 1
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Key Points:
• Phaeodarian skeletons contain large amounts of silica (0.37-43.42 μg Si/ cell) that can be predicted from cell size and biovolume • Phaeodarian contribution to bSiO 2 export from the euphotic zone increases substantially toward oligotrophic regions with low total bSiO 2 export • Worldwide, Aulosphaeridae alone may represent a significant proportion of bSiO 2 export to the deep mesopelagic ocean (>500 m)
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• Figure S1 • Figure S2 • Figure S3 • Table S1 • Table S2 Correspondence to: T. Biard, tbiard@ucsd.edu (Lisitzin, 1972) . While polycystine radiolarians have been extensively studied for their fossil records and used as proxies for paleoclimate reconstruction (De Wever et al., 2002; Suzuki & Aita, 2011) , phaeodarians are rarely preserved in sediments and have very limited fossil records (reviewed by . Only very favorable conditions promote the preservation of phaeodarian skeletons as fossils (Dumitrica & Van Eetvelde, 2009; Stadum & Ling, 1969) . Consequently, unlike most polycystine radiolarians, it is generally accepted that fossil records do not accurately reflect the significance of phaeodarians and other fragile siliceous rhizarians in overlying waters or their role in the marine silica cycle.
Many planktonic organisms developed mineral structures (e.g., diatoms and tintinnids) that are believed to confer protection against predators (reviewed in Hamm & Smetacek, 2007) . Although skeleton-bearing plankton are commonly considered robust organisms, some, such as phaeodarians, possess more delicate skeletons. Unlike polycystine radiolarians, phaeodarians are characterized by a porous siliceous skeleton bearing hollow spicules . The delicate nature of phaeodarian skeletons is known to affect measures of their abundance and contribution to vertical fluxes. Most phaeodarians are broken upon collection with standard plankton net tows . Only recent advances in in situ imagery have revealed clear evidence of the substantial contribution of Phaeodaria to oceanic carbon pools (Biard et al., 2016) . In addition, in an ocean undersaturated with respect to silica (Stumm & Morgan, 2012) , many fragile phaeodarians appear to dissolve when settling through the water column (Erez et al., 1982; Takahashi & Honjo, 1981) . Despite these constraints, a handful of studies have investigated phaeodarian vertical fluxes (Abelmann, 1992; Boltovskoy et al., 1993a; Gowing, 1986; Ikenoue et al., 2012; Takahashi, 1987) and, to a lesser extent, their contribution to the marine silica cycle (Bernstein et al., 1990; Takahashi & Honjo, 1981) .
Early studies suggested that radiolarians (at the time inclusive of phaeodarians) were the second most important producers of suspended silica in the oceans, even surpassing diatoms in equatorial regions (Lisitzin, 1972) . Detailed analyses in the western tropical Atlantic later revealed that radiolarian bSiO 2 fluxes (1.2 to 2.5 mg Si · m À2 · day
À1
) contribute from 14 to 31% of total bSiO 2 export (Takahashi & Honjo, 1981) . However, with no assessment of the contribution from phaeodarians independent of polycystine radiolarians, the significance of phaeodarians in the marine silica cycle is still unclear. The only dedicated quantification of phaeodarian bSiO 2 fluxes suggested a rather similar range of contribution, with low to moderate percentages (3-23%) of total bSiO 2 export . However, these results were based on deep sediment traps moored for a period of months. These estimates are likely to be minimal values, due to the delicate nature of their skeletons and likelihood of dissolution, even at low temperatures. In addition to the paucity of phaeodarian flux data, previous studies focused mostly on small phaeodarians (<500 μm), leaving unknown the contribution of larger taxa, which may have significantly more silica per cell. While most phaeodarian species are a few hundred micrometers across , some, the giants, can exceed a few millimeters in size (e.g., Aulosphaeridae or Tuscaroridae; Ling & Haddock, 1997) . Initial assessment of the silica content of these giants revealed extremely high values (12-73 μg Si/cell), 1 or 2 orders of magnitude higher than the average silica content for small siliceous rhizarians (Takahashi, 1981) and about 4 orders of magnitude higher than marine diatoms (average ≈ 0.0089 μg Si/cell; Conley et al., 1989) . Because of their high silica content, larger size, and significantly faster sinking speed than smaller species (>500 m/ day for cells larger than 240 μm, compared to 50-200 m/day for smaller cells; Berger, 1976) , these giants are likely to influence the marine silica cycle by rapidly transporting appreciable amounts of bSiO 2 to the deep ocean . Similarly, giant diatoms have proven to be efficient vectors of elemental fluxes to the deep ocean, contrasting with smaller species (Smetacek, 2000) . However, the impact of these giant phaeodarians on the marine silica cycle has never been directly investigated. Given their new-found importance to plankton biomass (Biard et al., 2016) , these giants potentially represent a significant link between the biogeochemical cycles of carbon and silicon. But more importantly, if these organisms do represent a significant proportion of deep bSiO 2 export, such an interpretation would call for re-evaluating the utility of using bSiO 2 export to infer diatom contribution to carbon export (Honjo et al., 2008 ).
Here we investigate the contribution and significance of giant phaeodarians to the marine silica cycle along a gradient of hydrographic conditions across the California Current Ecosystem (CCE). We first collected singlecell specimens of siliceous rhizarians in order to quantify their silica content. Then we used sediment trap material, collected between 2011 and 2016 from four research cruises of the CCE Long-Term Ecological Research (LTER) program , to measure vertical fluxes and bSiO 2 export mediated by giant phaeodarians and to assess their contribution to total bSiO 2 export out of the euphotic zone. Additionally, we used in situ imagery (Underwater Vision Profiler 5 [UVP5]; Picheral et al., 2010) to quantify their vertical distributions to 500 m depth and to infer deeper fluxes of one giant phaeodarian family, the Aulosphaeridae. We also provide the first global estimates of the contribution of the Aulosphaeridae to deep bSiO 2 export into mesopelagic depths.
Material and Methods
Single-Specimen Quantification of Silica Content
Siliceous rhizarian specimens (Phaeodaria and polycystine Radiolaria) were handpicked from fresh plankton samples or sediment trap material (supporting information Figure S1 ). Plankton samples were collected gently between April and June 2017, off the Scripps Pier in the La Jolla Canyon (USA, 32°52 0 01″N, 117°15 0 26″W) and off Catalina Island (33°06 0 43″N 118°06 0 27″W), using either a 202 μm mesh bongo net or a 333 μm ring net in oblique tows (0-200 m). Phaeodarian specimens from sediment traps were collected in 2016 (Process Cruise CCE-P1604) off Point Conception, California. Handpicked living specimens were rinsed and manually cleaned in 0.8 μm filtered seawater and subsequently imaged with light microscopy.
To prevent carryover of silicic acid in the rinse, clean specimens were then rinsed with a NaCl solution (3.3% w/v) and finally oven dried at 65°C for 30 min or until water evaporated completely.
Single-cell silica analysis of rhizarians was done by modifying frequently used methods. Specimens were immersed in 0.2 ml of a 2.5 N hydrofluoric acid solution, immediately capped, and placed in a fume hood. Rhizarian silica was allowed to digest at room temperature (20-22°C) for 48 hr as is typically done for lithogenic silica analysis. After digestion, half the volume was diluted with saturated boric acid to complex the hydrofluoric acid, and the solubilized rhizarian silica was analyzed spectrophotometrically using a manual and sensitive colorimetric analysis (e.g., Krause et al., 2017) using standards made in a similar boric acid and hydrofluoric acid matrix. While previous silica content measurements on siliceous rhizarians (e.g., Takahashi, 1981) have used a sodium carbonate fusion of silica in a crucible to produce sodium metasilicate (which easily dissolves in seawater), that method has a lower throughput and requires more handling. Our method was modified from a similar approach for measuring silica content of the giant diatom Ethmodiscus spp. (cell volume > 10 9 μm 3 ) in the North Pacific gyre (Villareal et al., 1999) . Using our method, the average rhizarian silica in the analyzed solution was~100-fold higher than detection limits.
Morphometric measurements were performed for each specimen using ImageJ (supporting information Table S1 ). The length of A. scolymantha and specimens of the Castanellidae was calculated as the maximum length of the scleracoma (i.e., not taking into account longer radial spines), while for Coelodendridae specimen length was measured as the length of the longest dimension including radial spines. For the special case of N. valvidiae, length was taken as the longest distance between two opposite floats, and not two opposite radial spines. Measurements of width followed the same rationale. For Aulosphaeridae, we additionally measured the % silicified area, estimated as the ratio between silicified structures and the total surface area (including empty or nonsilicified parts). In triplicate, we measured areas of both silicified and nonsilicified regions within squares of 200 to 500 μm 2 and estimated the % silicified area. Finally, for Aulosphaeridae specimens, we measured the thickness of silicified tubes. For all specimens, including those derived from the literature, we estimated biovolume using the most appropriate geometrical model (e.g., sphere, ellipsoid, cone, and disk). Additionally, for the Aulosphaeridae, we estimated the biovolume represented by the silicified parts, using % silicified area and tube thickness, applied to an empty ellipse model.
Process Cruise Design
Samples for this study were collected on four process cruises of the CCE-LTER program (supporting information Figure S2 ). During P1106 (June 2011) and P1208`August 2012) cruises addressed the biogeochemical impact of mesoscale features (fronts and eddies). Consequently, measurements were focused in areas within and on either side of distinct oceanographic features Ohman et al., 2013; Stukel et al., 2017) . During P1408 (August 2014) sampling was conducted in the same region, across anomalously warm, stratified waters probably associated with an intrusion of subtropical water. Global Biogeochemical Cycles range of study sites was sampled, from the coastal upwelling region near Point Conception to offshore locations with communities that more closely resemble those of the oligotrophic gyre.
On all cruises, measurements were carried out during quasi-Lagrangian experiments of two-to five-day duration (Landry et al., 2009) . During these experiments, water parcels of interest were identified using a free-fall Moving Vessel Profiler (Ohman et al., 2012 ) and subsequently marked and followed using two drifting arrays (Landry et al., 2009 ). We designate each followed water parcel a "Cycle," signifying repeated cycles of experimental measurements in the same water parcel. One of the arrays had sediment traps deployed at the base of the euphotic zone (if shallower than 80 m), at 100 m, and 150 m (on P1604 and P1408 only). During these Lagrangian experiments, we also conducted at least twice daily vertical profiles with a CTD-rosette with an attached UVP5.
Sediment Trap Deployment
Vertical fluxes of particulate silica and giant phaeodarians were measured using VERTEX-style particle interceptor trap (PIT) cylindrical sediment traps with a 70 mm internal diameter, 8:1 aspect ratio, and a baffle constructed of 13 smaller, beveled tubes with similar 8:1 aspect ratio (Knauer et al., 1979) . Between 8 and 12 PIT tubes were deployed on cross-pieces at one to three depths on a drifting sediment trap array. The array also included a surface float with Globalstar communications and a 3 × 1 m holey sock drogue that was centered at a depth of 15 m (Stukel et al., 2013) . PIT tubes were filled with a preserved brine consisting of 0.1 μm filtered seawater, 50 g/L NaCl, and 0.4% formaldehyde. Deployment duration varied from two to five days (supporting information fluxes from these VERTEX-style sediment traps, suggesting that any hydrodynamic biases are minimal (Stukel et al., 2013 .
After recovery, overlying seawater above the trap brine was immediately removed by gentle suction and samples gravity filtered through a 200 μm mesh filter (47 mm diameter). Under a stereomicroscope, swimming mesozooplankton that were believed to have been transported into the trap during active vertical migrations (i.e., not by sinking) were removed from the filter. Abundances of giant Phaeodaria (Castanellidae and Aulosphaeridae) were also enumerated on each filter. Smaller radiolarian and phaeodarian taxa were occasionally observed but not enumerated, as a substantial fraction was not retained by the 200 μm mesh. Microscopic analyses of all samples were typically completed within 24 hr of sediment trap recovery to minimize potential dissolution of Phaeodaria.
Biogenic Silica Export Estimation
Biogenic silica export was measured using previously described methods used in the CCE-LTER . After quantification of phaeodarian abundance and swimmer removal, the contents of the filters were rinsed back into the original sample (i.e., >200 and <200 μm material was recombined). A rotary Folsom splitter was used to subsample from different tubes at each deployment depth. The fractional split from the sediment trap was filtered onto a 0.6 μm, 47 mm polycarbonate membrane filter and dried at 60°C for 24 hr (or until dry). In the lab, bSiO 2 was analyzed using NaOH digestion as described previously for CCE-LTER samples . During the P1106 cruise, sediment trap brine was collected before and after deployment to determine dissolution of bSiO 2 during the collection period. Dissolution of bSiO 2 during collection was highest when the absolute bSiO 2 flux was lowest (i.e., up to 10% of the particulate flux); however, in deployments showing higher bSiO 2 flux, bSiO 2 dissolution was typically <2%. For all cruises after P1106, bSiO 2 dissolution was not assessed, as the fraction of dissolution relative to the particle flux was much lower than the variability among collection tubes at a given depth.
In Situ Assessment of Giant Phaeodarian Standing Stock
The community of giant phaeodarians was quantified in situ using the UVP5, an in situ imaging system capable of recording images of large planktonic organisms (equivalent spherical diameter, ESD >600 μm; Picheral et al., 2010) . The UVP5 was mounted on the bottom of the CTD-rosette frame to limit flow perturbation and we sampled only from the downcast. With a sampling volume of 0.5-1 L, the UVP5 takes one image every 5 to 20 cm (depending on the imaging frequency, 10-15 Hz) and provides a mean observed volume of 5 m 3 for a 0-500 m vertical profile. Between 2011 and 2016, the UVP5 was deployed for 1,045 vertical profiles
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Global Biogeochemical Cycles sampling from 0 to 500 m and generated 745,963 vignettes (i.e., individual images of regions of interest larger than 600 μm). These data were analyzed as described in Biard et al. (2016) . Briefly, vignettes were extracted using ZooProcess software , automatic morphometric measurements were performed on each vignette, and a computer-assisted method ultimately assigned vignettes to a taxonomic framework. All classifications were then manually validated. Rhizaria accounted for 15,568 vignettes, identified to different taxonomic level, including different families of Phaeodaria, but also Acantharia, Collodaria, and Foraminifera. All sorted vignettes have been deposited online at Ecotaxa (http://ecotaxa.obs-vlfr.fr) and are available upon request (Picheral, 2017) . Takahashi (1981) have been updated according to Matsuzaki et al. (2015) . b Conversion from nmol Si/cell to μg Si/cell assuming a molecular of weight of 67 g/mol for hydrated amorphous silica (Mortlock & Froelich, 1989) . c Mean ± 2 SD for values from Takahashi (1981) .
Data Analysis
Data analyses were conducted using R 3.4.1. (R Core Team, 2017) , the tidyverse package (Wickham & RStudio, 2017) and custom scripts. Allometric equations between morphometric measurements and silica content were tested using both Models I and II linear regressions using the lmodel2 package (Legendre, 2014) . However, we report the Model I regressions because values of the independent variable were measured with minimal error and our objective was to develop predictive regression relationships. If not otherwise specified, data were log-transformed (log 10 or log 10 [x + 1]) prior to linear regression, with assumptions confirmed using the gvlma package in R (Pena & Slate, 2014) .
UVP5 vignette morphometric measurements, extracted during the ZooProcess image processing, were used to estimate biovolume of the different phaeodarian categories. For all phaeodarian vignettes, except the ones displaying long pseudopodial-like extensions, biovolume was calculated using the major and minor axis of the best fitting ellipse. For the biovolume of phaeodarians with pseudopodial-like extensions, we used the ESD to calculate the volume of a sphere, thereby avoiding overestimation due to long extensions.
Results
Quantification of Silica Content in Marine Siliceous Rhizarians
We quantified silica content for 65 specimens of siliceous rhizarians collected from net tows and sediment traps (Table 1, supporting information Table S1 and Figure S1 ). Analyzed specimens belonged primarily to the order Phaeodaria, in addition to two specimens of the order Nassellaria. To make direct comparisons with literature values, we expressed silica content as μg Si/cell assuming a molecular weight of 67 g/mol for hydrated amorphous silica (Mortlock & Froelich, 1989) . Overall, silica content varied over 2 orders of magnitude (0.37-43.42 μg Si/cell), lowest for the nassellarian Litharachnium tentorium, and highest for the colonial phaeodarian Nationaletta valvidiae (specimen composed of four individual cells connected together). On average, the highest silica content was obtained for the family Castanellidae (14.54 ± 1.99 μg Si/cell; mean ± standard error [SE]), with low interspecimen variability. The family Aulacanthidae, represented by Aulacantha scolymantha, displayed the lowest average silica content of phaeodarians collected in this study (1.8 ± 1.29). The family Aulosphaeridae displayed highly variable silica content (10.9 ± 5.9) with a small difference between the two genera Auloscena and Aulosphaera, 12.39 ± 5.19 and 9.18 ± 6.4, respectively, the latter having smaller cell length and a reduced silicified area (supporting information Table S1 ). The third family, Coelodendridae, showed markedly different mean silica content between the two morphotypes: 17.8 for the first morphotype (sp1) and 2.64 ± 0.63 for the second (sp2). This difference in silica content was consistent with differences in cell length between morphotypes (3,300 and 730 ± 59 μm, respectively).
We compare our estimates of phaeodarian silica content with published values in Table 1 and Figure 1 . Literature values mostly include smaller specimens (116-1,027 μm, mean = 353 μm) than the present data (470-3,920 μm, mean = 1,388 μm), making it difficult to compare values between sources. Direct comparison of similar taxa was only possible for present specimens belonging to the family Castanellidae and previous analyses of Castanidium longispinum and Haeckeliana porcellana (Takahashi, 1981) . Although we could not identify our species with certitude, H. porcellana has a dense skeleton morphology similar to our specimens and showed similar silica content. However, C. longispinum, which also had a similar morphology, had appreciably lower silica content than the previously analyzed Castanellidae specimens.
We evaluated allometric equations to test the hypothesis that the phaeodarian silica content is related to cell size. Over a size range from 176 to 3,920 μm, phaeodarian silica content could be predicted from cell length ( Table 1. where silica content is in units of μg Si/cell and length in μm. This relation excludes the Castanellidae from the present study, which had unusually high silica content, as well as the literature value for H. porcellana that displayed a denser skeleton and appeared outside of the 95% prediction interval (gray symbols in Figure 1) . A significant log-log linear relationship (R 2 = 0.82, F(1,58) = 271, P < 0.001) was also obtained when expressed as a function of cell biovolume spanning four orders of magnitude (0.0019-26.45 mm 3 ):
log 10 silica content ð Þ ¼ À 4:32 þ 0:56 log 10 biovolume ð Þ
where silica content is in units of μg Si/cell and biovolume in μm 3 .
We tested an additional linear regression by weighting the biovolume of each Aulosphaeridae specimen by its estimated silica coverage (% area as silica) and found a significant relationship, although with relatively low predictive power (R 2 = 0.23, F(1,26) = 7.702, P < 0.05). Finally, when considering the 88 known values of silica content for marine siliceous rhizarians, including 23 nassellarians, spumellarians, collodarians, and phaeodarians from a previous study (Table 1) , silica content could also be predicted from cell length (R 2 = 0.57, 
Vertical Fluxes of Giant Phaeodarians and Their Contributions to Biogenic Silica Export
Across water parcels sampled on the four cruises, export of bSiO 2 from the euphotic zone of the CCE ranged from 0.14 to 19.34 mmol Si · m À2 · day À1 (Figure 2a , supporting information Table S2 ). The highest cyclespecific export (19.34 ± 0.86; mean ± SE) and cruise-average export of bSiO 2 (5.64 ± 0.29; mean ± SE) were both recorded in 2011, while we measured lower bSiO 2 export in subsequent cruises. Intracruise variability in bSiO 2 flux was greater than the variability among cruises. We observed a clear pattern of increasing bSiO 2 export toward regions of higher primary productivity (gradient left to right, Figures 2a and 2c ). This pattern was consistent across the four cruises sampled. Averaged across the cycles, we found no significant attenuation of bSiO 2 flux with depth in the epipelagic. Indeed, bSiO 2 flux at 100 or 150 m depth was often greater than bSiO 2 flux at the base of the euphotic zone (Figure 2a ).
We then quantified vertical fluxes of two families of giant phaeodarian, Aulosphaeridae and Castanellidae (representative micrographs displayed in Figure 3 ). Their fluxes captured by sediment traps ranged from 0 to 2,439 ind · m À2 · day À1 and 0 to 1,458 ind · m À2 · day
À1
, respectively (supporting information Table S2 ). To assess their individual and combined contributions to the total bSiO 2 export from the euphotic zone, we converted the number of sinking specimens (ind · m À2 · day À1 ) to quantities of sinking bSiO 2
). We used the newly measured average silica contents (Table 1 ): 14.54 μg Si/cell or 0.22 μmol Si/cell for the Castanellidae and 10.9 μg Si/cell or 0.16 μmol Si/cell for the Aulosphaeridae. Overall, the bSiO 2 exported from the euphotic zone of the CCE by the two phaeodarian families was higher for the Aulosphaeridae (0.074 ± 0.013 mmol Si · m À2 · day À1 ; mean ± SE) compared to the Castanellidae (0.043 ± 0.012; supporting information Table S2 ). Intercruise bSiO 2 export mediated by the two families showed no consistent spatial pattern over the areas sampled (supporting information Figure S4 ). Biogenic silica export of Aulosphaeridae appeared more variable over time and space than the export driven by the Castanellidae. When considering bSiO 2 export to different depths, we usually observed an increase of export with depth for both families.
When compared to the total bSiO 2 export, the combined contribution of Aulosphaeridae and Castanellidae averaged 10% over the four years sampled, with the Aulosphaeridae responsible for more than half of the combined contribution (Figure 2b ). Their maximum contribution was measured locally at 100 m on Cycle 5 in 2011, reaching up to 80% of the total bSiO 2 export in this region of low bSiO 2 export (0.25 mmol Si · m À2 · day
). Averaged across all Cycles on a cruise, the two phaeodarian families together reached their highest contribution in 2011 and 2016, constituting 17% and 18% of the total bSiO 2 export, respectively. While we measured half this level of contribution in 2012, both the Aulosphaeridae and 
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Castanellidae represented a very small fraction (>0.5%) of the total bSiO 2 export in 2014. This insignificant contribution of phaeodarians in 2014 coincided with an overall low C-based primary production of the area sampled (Figure 2c ), as well as low phaeodarian vertical fluxes for both families (supporting information Figure S4 ).
When ordered along a gradient of primary production (Figure 2c ), the contribution of these families to the total bSiO 2 export showed a pronounced increase with decreasing primary production. There was also a strong increase in the contribution of giant phaeodarians to bSiO 2 export toward regions of reduced bSiO 2 export (Figure 4 ). For this analysis, we excluded flux data from 2014 (shaded grey dots) that represent abnormal conditions, as stated previously, deviating from the patterns observed in three other cruises (i.e., more typical conditions).
In Situ Assessment of Giant Phaeodarian Biogenic Silica Export to the Deep Ocean
In addition to measuring fluxes into sediment traps, the community of suspended giant phaeodarians was measured in situ using the UVP5 ( Figure 5 ). Only the Aulosphaeridae were considered for this analysis, as the Castanellidae were too small to be detected reliably by the camera (threshold = 600 μm). Cruise mean (±SE) integrated abundances of Aulosphaeridae recorded in situ in the first 500 m ranged from 888 ± 124 ind/m 2 in 2014 to 32,750 ± 2,724 ind/m 2 in 2011, with an overall mean abundance of 9,949 ± 1,296 ind/m 2 . On average, Aulosphaeridae abundances integrated over the upper 100 and 200 m represented 26% and 81% of the abundance integrated to 500 m, respectively. Consistent with the low vertical fluxes recorded by the sediment traps in 2014 (supporting information Figure S4 ), in situ quantification of Aulosphaeridae revealed low abundances in the water column, underscoring the need to treat the data from this cruise separately. Detailed vertical distributions of Aulosphaeridae were consistent over the cruises and revealed a sharp increase in abundance between 100 and 200 m ( Figure 5 ). The depth of the maximum Aulosphaeridae abundance (125 ± 8 m) appeared stable throughout the cruises despite the differences in abundance. By comparing the depths of sediment traps with the vertical distribution of Aulosphaeridae, we found that, on average, only 3% of the 0-500 m integrated Aulosphaeridae community was shallower than our 50-60 m traps, 23% was shallower than our 100 m traps, and up to 57% was shallower than our 150 m traps ( Figure 5 ).
With simultaneous deployments of sediment traps and the UVP5, we were able to compare integrated abundances (i.e., standing stocks) of Aulosphaeridae with contemporaneous sediment trap-derived vertical fluxes. We found a strong positive correlation, R(25) = 0.69, P < 0.001, between standing stocks assessed in situ and vertical fluxes (Figure 6a ). As noted, data from 2014 were not considered. However, their inclusion fitted the same pattern, even strengthening the correlation: R(38) = 0.84, P < 0.001. Considered over all cruises, with the exception of 2014, the inferred median sinking speed of the Aulosphaeridae bulk community, defined as the product of vertical fluxes (ind · m À2 · day À1 ) times the depth of the sediment trap (m), divided by the standing stock above the sediment trap (ind/m 2 ), was found to be 23 m/day (95% confidence interval = 17-36). When considering the effect of depth on the inferred sinking speed, we found no significant differences between inferred sinking speeds at the three different main depths of trap deployment (Kruskal-Wallis test, P = 0.8) with a median speed of 27 m/day at 57-60 m, 22 at 97-100 m, and 32 at 147-150 m (Figure 6b ). With an average inferred sinking speed of 16 m/day, inclusion of data from 2014 would not change the present pattern. Additionally, we estimated the median turnover time (d), defined as the ratio between UVP standing stock and sediment trap fluxes, to be 4 days (95% confidence interval = 2-5).
We inferred export of Aulosphaeridae bSiO 2 for deeper layers (0-200 m and 0-500 m) using the data acquired in situ by the UVP5 and the newly developed allometric equations. Considering a median inferred sinking speed of 23 m/day, we estimated the Aulosphaeridae bSiO 2 export at each cycle matching with sediment trap deployments (Figure 7) . When compared to the bSiO 2 export estimated from sediment traps, 
Discussion
Giant Phaeodarian bSiO 2 Export From the Euphotic Zone
Our sediment trap deployments conducted between 2011 and 2016 showed that two families of giant phaeodarians, Aulosphaeridae and Castanellidae, contribute an overall average of 10% of bSiO 2 export from the euphotic zone but represent a much larger percentage of bSiO 2 export in more oligotrophic regions where total export is low. In regions of lowest bSiO 2 export, contributions of these two families alone are 10-80% of the flux, declining to 0.1-2% of the flux in waters with the highest bSiO 2 export in our region. These highest bSiO 2 fluxes are thought be associated with vertical export of diatom frustules , such as in 2011 (e.g., Cycle 3) where there was iron limitation of diatom growth, sustained uptake of Si, and subsequent high bSiO 2 export . The pattern of increasing contribution with decreasing total bSiO 2 flux is consistent for three of our four cruises. However, this relationship differed in 2014 where we documented low phaeodarian standing stocks, reduced phaeodarian vertical fluxes, and consistent contribution to bSiO 2 export. In 2014, the CCE was affected by pronounced warm water anomalies (cf. Bond et al., 2015) , leading to decreased primary production in our data and throughout the area (Leising et al., 2015) . As phaeodarians are known to be flux-feeders (Gowing, 1989) , decreased primary production would be expected to be associated with decreased fluxes of particles and reduced food supply. In contrast, during the El Niño spring of 2016, nearshore primary production was comparable to other years (Figure 2c) , further underscoring the anomalous perturbations to the ecosystem in summer 2014. Overall, our estimates exceed the range of limited previous results regarding the contribution of phaeodarians to total bSiO 2 export (2-23% at the PARFLUX station; . The significant contribution of giant phaeodarians is not unexpected as they have been shown to dominate zooplankton biomass in the CCE region (Biard et al., 2016) . However, given their ubiquity and broad vertical distribution in the global ocean, it raises the question of their absence in past studies of siliceous rhizarian fluxes. 
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The present sediment trap fluxes report one of the few assessments of cell-specific vertical fluxes of Aulosphaeridae and Castanellidae. Prior studies have reported vertical fluxes of siliceous rhizarians in multiple locations including the following: the Southern Ocean (Abelmann, 1992) , Atlantic Ocean (Boltovskoy et al., 1993a; Michaels et al., 1995; Takahashi & Honjo, 1981) , Arctic Ocean (Ikenoue et al., 2012) , and Pacific Ocean (Bernstein et al., 1990; Gowing, 1986 Gowing, , 1993 Gowing & Coale, 1989; Takahashi, 1987) . There, phaeodarians usually represented a small fraction (~22% on average) of the vertical fluxes of siliceous rhizarians (mainly driven by polycystines; data summarized in Boltovskoy et al., 1993a) . Of all these studies, only a handful reported the presence in sediment traps of Castanellidae (Ikenoue et al., 2012; Okazaki et al., 2005; Takahashi, 1987 Takahashi, , 1991 and even fewer the presence of Aulosphaeridae along with Castanellidae (Takahashi, 1991 (Takahashi, , 1997 . Vertical fluxes of Castanellidae were similar compared to our mean estimates: 2-318 ind · m À2 · day À1 compared to 192, but negligible for the Aulosphaeridae: 2-108 ind · m À2 · day À1 compared to 456 (Takahashi, 1991) . These differences could be explained by temporal variability or distinct regional ecological preferences of these phaeodarians but is more likely to result from methodological differences.
Phaeodarians and siliceous rhizarians have cell sizes ranging from tens of micrometers to several centimeters (Ling & Haddock, 1997; Swanberg et al., 1986; Takahashi, 1987) . In most previous sediment trap studies, the mesh size for counts was 40 μm (Boltovskoy et al., 1993b) and larger organisms were usually discarded (e.g., >100 μm in Gowing, 1993 , and >1,000 μm in Takahashi & Honjo, 1981) . Given the wide distribution of Castanellidae (Kling, 1976; Tibbs & Tibbs, 1986) and Aulosphaeridae (Biard et al., 2016) , it is likely that both were underestimated due to the size selectivity of the previous studies. Additionally, some phaeodarian taxa (e.g., Aulosphaeridae) were consistently absent from sediment trap material, while commonly observed in bottle or net samples (Takahashi, 1981) , probably due to the susceptibility of these phaeodarians to rapid dissolution in sediment traps (Erez et al., 1982; Takahashi & Hurd, 2007) . Therefore, long deployment times likely favor partial dissolution of the most fragile phaeodarians, leading to underestimations of their vertical fluxes and contribution to bSiO 2 export. Unlike most studies of radiolarian fluxes using long deployments of sediment traps (mean = 42 days, range = 1-268; Boltovskoy et al., 1993a) , deployment time in the present study averaged three days, and never exceeded six. Phaeodaria were also enumerated within 24 hr of sediment trap recovery, thus likely maximizing the preservation of Aulosphaeridae and Castanellidae.
Insights From In Situ Measurements of bSiO 2 Export in the Mesopelagic
The euphotic zone is typically considered the main locus of bSiO 2 production in the ocean and hence main source for vertical flux through mesopelagic waters Tréguer & De La Rocha, 2013) . Accordingly, on our cruises, the sampling design focused on quantifying vertical fluxes out of and slightly beneath the euphotic zone. Similar approaches have been used at the BATS site (Nelson & Brzezinski, 1997) or station ALOHA . Here we show that a significant fraction of total bSiO 2 export is derived from phaeodarian production well below the sunlit waters. Across four cruises, in situ estimates of Aulosphaeridae bSiO 2 export showed systematic increases when including the mesopelagic. This increase of bSiO 2 export with depth is in stark contrast with carbon fluxes in the CCE, which show a mean 27% decrease over a 50 m increase in depth . The increase of bSiO 2 export with depth is explained by the vertical distribution of Aulosphaeridae, whose abundance maxima are between 100 and 200 m in the CCE and regularly deeper in other regions (Steinberg et al., 2008; Zasko & Rusanov, 2005) . In these conditions, sediment trap deployments at the base of the euphotic zone are likely to capture only 33 to 84% of Aulosphaeridae bSiO 2 export down to the mesopelagic. Recently, an increase of bSiO 2 fluxes with depth has been reported from the PAP site in the Northeast Atlantic Ocean (Giering et al., 2017) . Although this pattern was attributed by the authors to an invalid steady state assumption, the present data suggest that it could relate more to the deeper vertical distributions of phaeodarians.
Whether deeper distributions also apply to the Castanellidae bSiO 2 export is still unclear, as none of our 15,000 UVP5 images could be identified as Castanellidae due to a lower size limit of the UVP5 (~600 μm; Biard et al., 2016) that is larger than most of Castanellidae (500-700 μm). Analysis of the Castanellidae community from the eastern Pacific revealed that they were more abundant in the 50-100 m layer (Zasko & Rusanov, 2005) . Unlike the Aulosphaeridae, such observations could suggest that our deepest sediment traps (150 m) might have captured most of the Castanellidae-related fluxes in the CCE. However, many species of Castanellidae have been encountered elsewhere in deeper water (>1,000 m) and could represent a significant fraction of the bSiO 2 export below the euphotic zone (Reshetnyak, 1966) . Better assessment of the potential deep distributions and fluxes of Castanellidae is required in order to fully appreciate their significance in bSiO 2 export.
In the past, in situ imagery has been used for quantification of plankton standing stocks (e.g., Biard et al., 2016; Dennett et al., 2002; Stemmann et al., 2008) . To a lesser extent, it has also been used to estimate particles fluxes (e.g., Guidi et al., 2016 ) with the assumption that particle size distributions can be converted to mass fluxes (Guidi et al., 2008) . Here instantaneous bSiO 2 export profiles were estimated using parallel deployments between sediment traps and the UVP. In order to use only the UVP, or similar in situ devices, to derive bSiO 2 export in the future, several variables need to be known. These include sinking speed of siliceous rhizarians and the actual proportion of sinking organisms (i.e., the sinking population).
Here the inferred sinking speed of the bulk Aulosphaeridae community averaged 23 m/day. However, this bulk sinking speed is unlikely to reflect the actual settling rates of sinking Aulosphaeridae caught in our sediment traps. Rather, it includes a large portion of the community that is healthy and has negligible sinking speeds, combined with a (likely smaller) fraction of the Aulosphaeridae detected by the UVP5 that is either dead or unhealthy, hence sinking much faster. Other studies have determined sinking speeds ranging from 13 to 500 m/day for a wide spectrum of siliceous rhizarians (Berger, 1976; . Originally considered as a function of size, sinking speed was later correlated with skeleton mass . We could estimate a typical mass for Aulosphaeridae, and consequently a sinking speed, from Haeckeliana porcellana, the closest species to our Aulosphaeridae in terms of silica content. According to Takahashi (1981) , this species can sink up to 416 m/day. Therefore, the sinking speed of Aulosphaeridae may be an order of magnitude faster than the overall community rate of 23 m/day estimated here. Expressed differently, this contrast in rates implies that perhaps~10% of the community was composed of sinking cells. However, with the very limited knowledge of phaeodarian life cycles and the lack of data on their mortality rate, we cannot determine rates of production of dead sinking specimens. As it is currently impossible to separate live specimens from dead ones using UVP5 images, direct measures of the ratio between live/dead specimens (e.g., using nuclear staining; Gowing, 1986; or vital dyes) are required to convert standing stock into the actual sinking population. This is an important area deserving future research in order to allow determination of instantaneous fluxes from in situ standing stocks.
Quantifying the Silica Content of Rhizaria
The silica content of several phaeodarian and nassellarian species was successfully determined from single cells and revealed values among the largest recorded for any siliceous planktonic organism (43.42 μg Si/cell for the colonial phaeodarian Nationaletta valvidiae). Higher silica contents (57.9-64 μg Si/cell) have been reported for three phaeodarian species of the genus Tuscaretta (Bernstein et al., 1990) . However, as mentioned by the authors themselves, these values might have been inflated due to the presence of contaminants (inorganic/organic matter). In comparison with other siliceous plankton, Ethmodiscus spp. (mean biovolume = 2.2 × 10 9 μm 3 ) has the highest silica content reported for any diatom, averaging 14.1 ± 1.3 μg Si/cell (Villareal et al., 1999) . While mostly based on larger specimens, our silica content values are consistent with previous estimates for other siliceous rhizarians (Takahashi, 1981) , allowing for differences in cell size.
Measurements of silica content revealed important intraspecific variability in most taxa. Although we used care in cleaning specimens, the very delicate nature of phaeodarian skeletons could have led to damage prior to and/or following collection and cleaning procedures, leading to inflated variability in silica content. Along with 23 literature values (Takahashi, 1981) , six specimens were collected from sediment traps, but we did not observe a significant difference with the silica content of live specimens. Yet due to the labile nature of the phaeodarian skeleton and their susceptibility to dissolution (Erez et al., 1982; Takahashi & Hurd, 2007) , we cannot exclude the possibility of partially dissolved skeletons in the literature values. Also, as some fragile taxa such as the Aulacanthidae may be undersampled in sediment traps due to dissolution biases (Takahashi, 1981) , we recommend the use of fresh plankton specimens in future studies. This is the first report of allometric relationships specific to phaeodarians. Similar relationships have been reported for both marine and freshwater diatoms (Conley et al., 1989) , and subsequently used to determine silica contents for marine silicoflagellates (Takahashi, 1989) . Interestingly, we showed that silica content is 10.1029/2018GB005877 Global Biogeochemical Cycles also related to cell length and biovolume when considering together 31 siliceous rhizarian taxa from four groups. While the skeletal morphology of Phaeodaria differs radically from that of polycystine radiolarians, the former displaying hollow structures and the latter solid "plain" structures , this relationship highlights a similarity in skeletal composition between two genetically distinct rhizarian groups (Cercozoa and Retaria). However, with an imbalance of specimen number between phaeodarians and polycystine radiolarians, 70 and 18, respectively, additional measurements of silica content are needed to confirm the validity of this relationship. Nevertheless, these new silica content relationships provide the most robust tool available thus far for incorporating siliceous rhizarians in silica budgets at local-to-global scales.
Potential Significance of Giant Phaeodarians and Siliceous Rhizarians in the Global Silica Cycle
Given their new-found importance to carbon cycling and plankton biomass (Biard et al., 2016; Guidi et al., 2016) , Rhizaria, and specifically Phaeodaria, potentially play a significant role in global oceanic silica fluxes. In one of the latest reviews of the global silica budget, Tréguer and De La Rocha (2013) proposed that radiolarians could contribute between 0.001 and 6 mmol/m 2 of bSiO 2 standing stocks in the euphotic zone (120 m). In order to address the importance of giant phaeodarians to bSiO 2 export, we now use a data set of worldwide in situ vertical profiles (Biard et al., 2016) . Using the allometry between silica content and biovolume (equation (2)), we estimate Aulosphaeridae bSiO 2 standing stocks (0-150 m) to range from <0.01 to 10 mmol Si/m 2 . When considering standing stocks integrated down to mesopelagic waters (0-500 m), values increase to 12 mmol Si/m 2 . However, the present range of values represents only a single family, the Aulosphaeridae. Other giants, such as the colonial Collodaria, can also be found at high densities, especially in the most oligotrophic regions (Biard et al., 2016) . Since about two thirds of these colonial collodarians are siliceous (Biard et al., 2017) , they are likely to represent a substantial pool of bSiO 2 in the oligotrophic gyres. If the range of rhizarian bSiO 2 standing stock proposed by Tréguer and De La Rocha (2013) is a good approximation for the smaller size fractions of siliceous rhizarians, adding the contribution of siliceous giants, such as the Aulosphaeridae or the colonial Collodaria, provides a rhizarian bSiO 2 standing stock in the euphotic zone much larger than previously expected. With total bSiO 2 standing stocks in the upper 120 m of the oligotrophic and HNLC regions of the ocean ranging between 2 and 26 mmol Si/m 2 (Adjou et al., 2011, and references therein), an estimated contribution of the entire size spectrum of siliceous Rhizaria, ranging from 0.5 to 16 mmol Si/m 2 , suggests that they could represent more than a third of this standing stock in those regions. If valid worldwide, this assumption would corroborate an early study suggesting that radiolarians (probably including phaeodarians) are the second most important producers of suspended silica in the ocean after diatoms (Lisitzin, 1972) .
Our results show that in addition to their significance as silica producers, giant phaeodarians are also important vectors of bSiO 2 export. Assuming that our effective sinking speed (23 m/day) is representative of several trophic conditions, from eutrophic coastal zones to offshore oligotrophic regions, we estimated the amount of bSiO 2 exported by Aulosphaeridae worldwide (Table 2 ). To assess their importance to bSiO 2 export from the euphotic zone and to the deep ocean, we compared our estimates to regional assessments (Brzezinski et 
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2002) and global estimates of deep bSiO 2 export (Honjo et al., 2008 , and reference herein). Worldwide, Aulosphaeridae bSiO 2 export from the euphotic zone could range between 0 and 2.8 mmol Si · m À2 · day
À1
. Their contribution appears minimal with the exception of our study region, the CCE, locally exceeding 3% of the euphotic bSiO 2 export (median value). For the Aulosphaeridae, the contribution of bSiO 2 export at 500 m to deep bSiO 2 export (>2 km) appears significantly higher, ranging from 0 to a maximum of 26%. Although their contribution appears modest globally, a few very high percentages were found (Table 2) . Whether these high contributions are the result of temporal variability of the phaeodarian community or their known patchiness (Bernstein et al., 1990) , locally, Aulosphaeridae could have a significant impact in the export of bSiO 2 to the deep ocean.
Despite the uncertainties associated with such global estimates, the paucity of sampling stations, and our limited knowledge of siliceous rhizarian ecology , these estimates of bSiO 2 standing stock and export should be considered a first attempt to assess their global significance in the marine silica cycle. As these values mainly recognize the role of one single phaeodarian family (Aulosphaeridae), our estimates should be considered as minimal values. Together with the already suggested importance of smaller radiolarians in bSiO 2 production (Lisitzin, 1972; , inclusion of these giants should considerably increase the importance of siliceous rhizarians globally. Additionally, the increased contribution of Phaeodaria to bSiO 2 export in regions of low bSiO 2 export has broader implications when considering bSiO 2 export at the global scale. Regions of high bSiO 2 export are usually encountered near the Southern Ocean, the Subarctic Pacific, or in coastal regions, while regions of low export are found in oligotrophic gyres (Lisitzin, 1972; Pichevin et al., 2014) . These gyres are among the largest ecosystems on Earth, representing nearly 40% of the planet's surface, and appear to be increasing in spatial extent (Polovina et al., 2008) . With the recent observation of large biomasses of phaeodarians in the oligotrophic ocean (Biard et al., 2016) , the significance of phaeodarians and siliceous rhizarians may have been overlooked in these regions, especially given their vertical maxima in mesopelagic waters. If valid globally, this observation might substantially change understanding of silica dynamics in the oligotrophic oceans and previous interpretations of bSiO 2 fluxes as a specific metric for diatom export. Along with additional measures of rhizarians' silica content, better estimates of their vertical fluxes across a wider range of cell sizes, uptake rates of silicic acid, accurate estimates of their sinking velocity, and differentiation of living and dead cells are required in order to better appreciate the global significance of siliceous rhizarians and ultimately include this emerging component of the marine silica cycle into biogeochemical models.
